A simplified synthesis of hollow gold nanoshells 20-50 nm in diameter via the well-established templated galvanic replacement reaction of silver for gold is presented. The surface plasmon resonance absorbance of the nanoshells is tuned using basic colloid chemistry to control the size of the silver templates. The gold nanoshells have an aqueous core and are varied in size and shell thickness depending on the silver/gold reagent ratios. The template replacement chemistry is rapid, highly scalable, uses minimal amounts of toxic reagents, and in many cases is a true one-pot synthesis. The smallest nanoshells (20-nm diameter, 7-nm wall thickness) reach the highest temperature on irradiation with femtosecond light pulses in the near infrared and anneal to form spherical nanoparticles fastest, even though their plasmon resonance does not overlap as well as the larger nanoshells (50-nm diameter, 7-nm wall thickness) with 800-nm wavelength excitation.
Introduction
Physiological media (water, blood, and tissue) are relatively transparent in the near-infrared (NIR) region of the spectrum, allowing tissue penetration depths of up to 10 cm. [1] In the past decade, a variety of nanoscale materials that have high-absorption cross sections in the NIR have been developed. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] The most readily adapted to biomedical applications are gold nanoparticles, [14] [15] [16] core/shell nanoparticles (colloidal scale dielectric core/gold shell particles), [3, 4, 6, 7, [17] [18] [19] [20] [21] [22] [23] [24] hollow core nanoshells, [12, [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] and gold nanorods, [2, 10, 11, 13, [35] [36] [37] [38] [39] which adsorb strongly in the NIR, are sufficiently small to enable long circulation times in vivo [40] and are chemically inert and nontoxic. [14] Because gold nanoparticles strongly absorb NIR light, photothermal energy conversion using pulsed-laser irradiation can be used to locally heat nanoscale volumes without heating the bulk of the solution volume. [2, 15, 16, 23, 35, 36, [41] [42] [43] [44] Such phenomena are commonly referred to as photothermal heating or plasmonic heating [3, 10] and can be used to induce drug release from polymers [20, 45, 46] or to induce localized hyperthermia to kill cancer or bacterial cells. [3, 6, 12, 13, 16, 37, 47] Local plasmonic heating with gold nanoshells has also recently been used to denature proteins used in ''stitchless'' laser wound closure. [7] However, in these applications, it is not obvious if the suspension should be optimized for maximum nanoshell temperature or maximum nanoshell energy absorption.
One of the first methods of nanoshell fabrication was a core/ shell method pioneered by Halas and co-workers, [8, 19, 21, 48] in which a dielectric core particle (typically silica, although polystyrene has also been used [24] ) surface is first decorated with gold-binding ligands, followed by covalent linkage of gold nanoparticles that act as nucleation sites. The shell is completed via additional gold reduction in solution at the nanoparticle nucleation sites. The plasmon adsorption of the silica/gold core/shell nanoparticles can be tuned by varying the ratio of the gold shell thickness to the shell radius. core/shell composite colloidal architectures by adsorbing oppositely charged polyelectrolytes to a core particle and then adsorbing the charged gold colloids to make up the shell. [45, 46] While these multilayer dielectric/gold core/shell approaches have demonstrated potential, [21] one major limitation is the time and labor required for fabrication. [25] Each step in the synthesis of the core/shell nanoparticle must be accompanied by a centrifugation and rinsing step, which can reduce the yield and, more importantly, destabilize the colloidal particles and lead to irreversible aggregation. For the layer-by-layer assemblies, the sizes are usually in the 1-10 mm range, [45, 46] which limits the biomedical applications. [40] Xia and co-workers developed templated galvanic replacement reactions and have shown that many different kinds of shape anisotropic silver nanoparticles can be used to generate hollow gold nanoshell morphologies that exhibit different surface plasmon resonance (SPR) phenomena spread across the NIR region of the spectrum. [12, 25, 28, 29, 50] However, many of the chemical approaches use materials that are incompatible with biomedical applications. Alternatively, good control can be achieved over the morphology of gold nanoshells made via galvanic replacement at ambient temperatures by employing a cobalt template route [34] but the sensitivity to atmospheric oxygen in this process requires that the reactions be performed under a nitrogen blanket, and cobalt can be toxic and should be avoided for biomedical applications.
We have taken advantage of these templated galvanic replacement reactions of silver for gold [25, 27, 31, 33, 50] to create a simple and reproducible route to gold nanoshells 20-50 nm in diameter for use in biomedical applications. As in previous templated galvanic replacement methods, [12, 25, [27] [28] [29] 34 ,50] the core particle is sacrificed; the metal salt that makes up the nanoshell is reduced to metal if it has a greater standard reduction potential than the template metal, which is oxidized to a molecular solution. [25] The size and SPR absorbance of nanoshells made in this fashion can be tuned very simply by applying Turkevich's basic colloidal growth chemistry to the sacrificial silver sols. [51] [52] [53] [54] The emphasis here is not on making shape specific or extremely monodisperse nanoshells but rather on a simple and scalable route to nanoshells for practical applications with tunable sizes and absorbance profiles that require minimal experimental footprints (reduced heating, etc.) and minimal exposure to toxic reagents or intermediates that would be detrimental to biomedical applications. The major benefit of this new synthesis is that it is rapid, stable, highly scalable, and in many cases is a true one-pot synthesis. [33, 50] This simple synthesis gives nanoshells that have strong absorbances across the NIR window. Femtosecond NIR light pulses can heat these nanoshells sufficiently to melt and ablate the nanoshells into smaller nanoparticles, with an accompanying shift in the plasmon absorbance, which makes them suitable for applications in plasmonic heating. [23] The more unexpected result is that the maximum temperature of the individual nanoshells is governed by competition between the red shift of the SPR peak (which increases the overlap with the NIR irradiation), which increases with the nanoshell diameter to shell thickness ratio, and the increased mass of the nanoshells (which increases roughly as the square of the nanoshell diameter). Optimizing the nanoshell structure for maximum light absorption in the NIR does not necessarily provide the highest maximum temperatures for the individual nanoshells during pulsed irradiation; however, it is not yet known which is most important for biomedical applications such as photothermal destruction of cancer or bacterial cells. [3, 6, 7, 12, 13, 15, 16, 23, 46, 47, 55] Conversely, nanoparticles heated by continuous-wave laser irradiation dissipate the absorbed energy into the surrounding environment without substantial increases in nanoparticle temperature. [43, 56] Hence, maximum energy absorption is the only relevant feature, which has led previous efforts to tailor the nanoparticle absorption to the irradiation wavelength.
Results
Stable suspensions of silver nanoparticles were synthesized in minutes using sodium citrate and silver nitrate. The addition of sodium borohydride accelerates the chemical reactions and the resulting nanoparticles are %15-25 nm in diameter. Larger silver particles can be formed from these nanoparticles by reducing additional silver nitrate in the presence of hydroxylamine hydrochloride; the nanoparticles act as nuclei for further growth. [51] [52] [53] [54] Hydroxylamine hydrochloride is a ''gentle'' reducing agent and does not induce secondary nucleation of new silver particles. [51] The total absorbance at the 400-nm peak associated with the SPR of silver nanoparticles increased with increased silver nitrate concentration. There was a slight red shift in the SPR peak as the particles grew but was much less pronounced than that observed for gold nanoparticles. [52, 54, 57, 58] Figure 1 shows that on a log-log scale the average hydrodynamic radius measured by dynamic light scattering (DLS) increased linearly from the initial 28 nm of the original 0.2 mmol stock sol with increasing silver nitrate concentration. The 1/3 slope of the line through the data (the origin of which was set to the initial average diameter of 28 nm as measured by full papers J. A. Zasadzinski et al. Figure 1 . DLS-measured diameters of the stock silver sol (0.2 mmol Ag) and the growth sols. The growth sol diameter scaled with the 1/3 power of the silver concentration, confirming that all of the silver added to existing nanoparticles and did not nucleate new particles. [51] [52] [53] DLS) is consistent with the bulk of the added silver being added to existing nanoparticles with a minimum of new nucleation, as given by a simple mass balance: [51] 
in which D f is the final nanoparticle diameter, D i is the diameter of the initial silver nuclei, A n is the silver nitrate concentration needed to grow the nuclei, and A g is the concentration of the added silver nitrate needed to grow the particles. Hence, the increase in absorbance in Figure 1a is due to the increase in total silver concentration at a constant overall particle concentration. The silver nanoparticles were converted into gold nanoshells by adding HAuCl 4 directly to the as-grown nanoparticle solution, with no centrifugation or rinsing steps. Silver (Ag þ / Ag 0.8V, versus a standard hydrogen electrode (SHE)) has a lower redox potential than gold (AuCl 4 -/Au 0.99V, versus SHE) and the replacement reaction is: [25] 3Ag ðsÞ þ AuCl Upon the addition of the concentrated HAuCl 4 , the solution turns from yellow/orange to gray/yellow to blue/gray to blue/turquoise within seconds as the silver and gold are oxidized and reduced, respectively. The process was complete in a few minutes according to the UV/Vis spectra but the reaction mixture was stirred for an additional hour, then refrigerated at 4 8C. Figure 2a shows the evolution of the UV-NIR spectra as different amounts of HAuCl 4 were added to the silver nanoparticles grown from the original 0.2 mmol AgNO 3 stock sol. The gold peak gradually red shifts during the reaction from 400 nm to about 620 nm. This is consistent with independent nucleation and growth of the gold nanoshells around the dissolving silver template until the shell knits together and is complete, giving the final surface plasmon resonance. However, the point where the silver peak and the gold peak cross is at nearly the same wavelength and intensity throughout the reaction. This transition point is referred to as an isosbestic point [26] and is indicative of a direct transition between two states (in this case between metallic silver and gold). If there were intermediate states, they would be manifest as additional peaks between the initial and final peaks. Regardless of the initial silver template size, gold nanoshell formation is direct and there is little secondary nucleation of gold nanoparticles; an SPR peak located near 520 nm (indicative of solid gold nanoparticles [52] ) would otherwise appear. The final ratio of added gold to silver was always slightly greater than 1/3 to insure that the reaction went to completion (0.37-.38:1).
Increasing amounts of gold were required to form the shells around the larger silver template cores. The same 0.2 mmol stock silver sol was used in all cases (10 10 -10 11 particles mL À1 ) so the particle concentration is approximately the same regardless of the final silver nanoparticle size. The magnitude of the gold SPR is concentration dependent (Figure 2b ) and follows a shift to longer wavelengths, which is expected from nanoshells with roughly constant wall thickness but increasing diameter, as predicted by Mie theory calculations of the extinction behavior [47, 52] (Figure 2c ). The wavelength of the SPR increases with the initial silver concentration (which is also a measure of the initial particle size or relative ratio of shell to diameter; Figure 1b) , providing a rough guide to tuning the SPR absorbance maximum across the NIR region (Figure 2d) . A macroscopic view of the gold nanoshells (some of which have spectra plotted in Figure 2b ) is shown in Figure 2e , demonstrating the characteristic change in color with increasing silver template size. [52] Representative transmission electron microscopy (TEM) images of the particle suspensions are shown in Figure 3 . From these images it is clear that the gold particles are hollow shells and that the size of the nanoshells depends on the size of the silver template. X-ray photoelectron spectroscopy (XPS) verified that silver was present with the gold metal after the galvanic replacement took place but not the chemical state, Ag þ1 or Ag 0 , of the silver. The silver signature was present even after the samples had been dialyzed in 5 mmol citrate solutions for several days, indicating that the silver was likely insoluble and associated with the nanoshells. [12] For our purposes, attaining tunable SPR frequencies in the NIR window for sub-100-nm gold particles is sufficient; any residual silver will not negatively impact applications. In fact, Ag 0 and Ag þ1 have antimicrobial properties and their presence may provide additional benefits to the sol. [59] The SPR peak of the gold nanoshells can be readily tuned from 600-800 nm simply by adjusting the amount of initial silver present in the silver growth sol. The SPR resonance of the gold nanoshells made from silver nanoparticles plateaus around 800 nm, with no further increase with increasing silver particle size. This is likely because significant settling occurs for metal nanoparticles >100 nm, which can detract from the diffusion-limited reaction conditions. The use of additional citrate stabilizing agent, or rapid post-reaction steric stabilization using polyethylene glycol thiol (PEG-SH) or gelatin, [52] may contribute greater stability to these larger particles and allow tuning further into the NIR, although this does not appear to be necessary for plasmonic heating applications.
Effect of NIR Laser Irradiation Upon Hollow Gold Nanoshells
The citrate and sodium borohydride reduced (goldenyellow colored) silver nanoparticles used for these studies were stable for months. It is well established that silver and gold nanoparticles made via similar chemistries are metastable against aggregation for years. [51, 52, 60] The particles are stabilized against flocculation by residual ions adsorbed to the particle surfaces (e.g., citrate and BO 2 -ions), imparting a net negative surface charge. [60] The gold nanoshells made via silver template particles were stable for many weeks or months; it is thus likely that they have also adsorbed charged species that provide electrostatic stability. The surface charge of these particles is negative, as they tightly adhere to positively charged surfaces. Thus, they are more likely retaining the original charged groups from the template particles and if any settling did occur brief sonication was sufficient to resuspend the particles.
The gold nanoshell suspensions retain their original color (the actual color varied with composition or size of the particles; see Figure 2e ) after short periods of irradiation at 800 nm. However, with increased total energy input, the gold nanoparticle sols eventually turned reddish in color, indicating a change in the particle morphology. After irradiation, the nanoshell suspensions were less stable and settling occurred within 24 h of irradiation (regardless of the energy level used). Particles could be resuspended by sonication but several repetitions of settling and redispersing revealed the onset of visible dark flocs (indicating irreversible aggregation). Similar observations of accelerated aggregation of solid gold nanoparticles in the presence of laser irradiation have been reported in the literature. [61] full papers The resulting final absorbance spectra for gold nanoshells made from different-sized silver sols (denoted by their initial silver concentration) after 10-fold dilution. The higher the silver concentration, the larger the silver template and the further red shifted are the final gold nanoshells. c) Calculated extinction efficiencies for different sizes of gold nanoshells with a water core and water surroundings. The first number is the overall diameter of the nanoshell and the second number is the shell thickness (i.e., 30_7 means a nanoshell of 30-nm diameter with a 7-nm shell). Increasing the nanoshell diameter for a given shell thickness shifts the SPR to longer wavelengths and increases the extinction efficiency. d) A summary of the dependence that the final gold nanoshell SPR has on the initial sacrificial silver sol (size and concentration). Each silver template started from a stock 0.2 mmol silver sol and was grown from that to larger particles by adding more AgNO 3. The error in each point (sample to sample variation) is on the order of AE15 nm (primarily due to the polydispersity in the initial silver template) but they are omitted for clarity. The curve is a guide the eye. e) A collection of different aqueous gold nanoshell dispersions prepared from silver sols of increasing concentration and particle size (from left to right). The average SPR absorbance maximum for a given sol is listed beneath each vial. The overall wavelength range is from %560-800 nm, showing that the absorbance profiles of gold nanoshells made via galvanic replacement chemistry can be tuned across the NIR window. Figure 4 shows the changes in the UV-NIR spectra after 10 min of various laser irradiation intensities for differentsized gold nanoshells formed from the various silver templates: 0.2 mmol Ag (20-nm-diameter nanoshells formed after addition of 0.09 mmol Au, SPR %600 nm), 0.304 mmol Ag (30-nm-diameter nanoshells, 0.124 mmol Au, SPR %650 nm), 0.675 mmol Ag (40-nm-diameter nanoshells, 0.25 mmol Au, SPR %720 nm), and 1.07 mmol Ag (50-nm-diameter nanoshells, 0.42 mmol Au, SPR %750 nm) after irradiation. The smaller particles (SPR <700 nm) exhibit a monotonic shift to shorter wavelengths in response to the laser irradiation (Figure 4a and b) . This indicates an almost immediate elimination of complete nanoshells. After irradiation, the peak maximum settles between 500-550 nm, consistent with the expected absorbance of 10-40-nm solid, spherical nanoparticles (see TEM images in Figure 5 ).
The spectra of the larger particles (Figure 4c and d) first exhibited a red shift to longer wavelengths upon irradiation at low intensity; new peaks appeared at longer wavelengths (%900 nm) that had lower magnitudes than the original SPR peak (indicating lower concentrations). Prior to irradiation, these larger gold nanoshells were more polydisperse and exhibited broader SPR peaks than their smaller counterparts (see Figure 2b and c). Eventually, the SPR peak shifted to wavelengths between 500-600 nm at maximum laser power, as shown in Figure 4a and b (%700 mJ pulse À1 ), again indicating that smaller spherical particles were being formed due to the plasmon heating. This process is sometimes referred to as ''hole burning'', [2, 42] in which a portion of an absorption peak is removed via direct irradiation at that wavelength. The broad SPR of the unirradiated sols is likely a summation of the different resonances of nanoshells that are polydisperse in both shape and size (see Figures 3 and 5) . However, the SPR peak near 800 nm decreased rapidly upon laser irradiation (hole burning) as those particles responsible for the 800-nm peak melted and were reduced in size, revealing other absorbance peaks that were present before irradiation (at lower intensities, due to the lower concentration of nanoparticles with resonances at these other wavelengths). The apparent transition to longer wavelengths has been observed in other systems including gold nanorods, which can have an axial SPR in the NIR window. [2, 42] As the laser energies increase, all particle populations melt [44] and shift their SPR to 500-600 nm, consistent with the transition to solid spherical nanoparticles. Figure 5 shows TEM images of the evolution of the nanoshells after 10 min of irradiation with 800-nm light pulses of either 350 or 700 mJ energy. After irradiation at 700 mJ, all of the nanoshells, regardless of initial size, appear to have sintered and annealed into solid, spherical particles. [2, 44] There was a collapse of the hollow core, sometimes leaving a small residual hollow within the melted particle. However, images at 350 mJ show that instead of simply collapsing to form smaller, solid spherical nanoparticles, the larger nanoshells sometimes break apart upon absorbing the photon energy, leading to a disperse collection of asymmetric incomplete shells, oblate spheroids, rods, and branched structures such that several different SPR resonances likely result. [39, 42] The elimination of the 800-nm peak seen in Figure 4c and d may be the result of these changes in particle shapes. [42] However, the images of the nanoshells exposed to the highest laser power show that all the nanoshells examined reach the melting point of gold (>1064 8C) and eventually condense into solid spherical nanoparticles of 10-40-nm diameter.
Gold Nanoshells with Tunable Sizes Figure 3 . TEM images of gold nanoshells made from the unmodified %20-nm Ag sol (0.2 mmol Ag) and those made from the growth sol in which the concentration of silver was increased. Top: Unmodified 0.2 mmol Ag sol. Center: 0.304 mmol Ag. Bottom: 0.391 mmol Ag. The gold nanoshell size depends on the size of the sacrificial silver template. The center of each nanoshell is relatively electron transparent, indicative of a hollow center, showing that the silver template nanoparticle was converted to molecular silver. Figure 6 shows the absorption kinetics of the nanoshells, which were followed by measuring the light transmitted through the sample; whatever light is not transmitted is absorbed by the nanoshells or scattered (see Figure 7) . In Figure 6a , irradiation of 20-nm-diameter nanoshells (0.098 mmol Au) with a SPR of %600 nm shows a rapid increase from about 50% transmission to 75-80% transmission within 1 min for all of the incident-light pulse energies. The transmitted energy is then almost constant, suggesting that the particles are no longer changing shape, which means that the absorption due to the SPR is constant as well.
In Figure 6c , for 40-nm-diameter nanoshells (%0.25 mmol Au) with a SPR closer to the 800-nm wavelength of the laser (see Figures 2b and 4) , the fraction of laser power transmitted through the sample depends much more on the pulse energy. Consistent with the SPR absorption peak overlapping the incident light wavelength, the initial transmission was close to zero. For a pulse energy of 161 mJ, the transmitted intensity increases only to about 25 mJ after 10 min; only 16% of the incident energy was transmitted. In comparison, for a pulse energy of 700 mJ, 410 mJ or %60% of the incident energy was transmitted after 10 min. These differences in transmitted intensity with time are likely due to different changes in the nanoshell morphology ( Figure 5 ) that lead to the changes in nanoshell absorption, as shown in Figure 4 . With increasing laser pulse energy, Figure 5 shows that all of the nanoshells eventually melt and anneal into more stable solid nanoparticles with less adsorption at 800 nm. For smaller irradiation energy, the larger nanoshells break up to form shapes with new absorption peaks that still absorb a substantial fraction of the incident light. The larger particles apparently take more time to anneal into the final spherical gold particles that are the stable form after irradiation. Figure 6d summarizes the kinetics of the change in transmission for the highest pulse energy of 680 mJ with the gold concentration, and hence the size and SPR of the gold nanoshells. The largest particles anneal more slowly than the smaller particles, even though the nanoshell SPR peak overlaps more with the incident 800-nm full papers 3 ; the higher concentrations lead to larger gold nanoshells with the SPR closer to the 800-nm irradiation wavelength. After 10 min of irradiation, all samples show a peak from 500-600 nm, consistent with the formation of solid, spherical nanoparticles, as seen in Figure 5 .
wavelength light. Only 44% of the incident light is transmitted through the sample with the 50-nm nanoshells (0.42 mmol Au) compared to the 81% transmission through the 20-nm nanoshells (0.098 mmol Au) after 10 min of irradiation.
Discussion
The kinetics suggest that the smaller nanoshells anneal more quickly than the larger nanoshells, even though more total energy is absorbed by the larger nanoshells. From the known particle absorbance and concentration, a simple energy balance incorporating Beer's law can be used to determine the energy per gram of gold, Q (J g À1 ), that the nanoshells of various sizes absorb during a given NIR laser pulse: [43] Q
A is the absorbance (Àlog 10 of the transmitted light), [Au] is the gold mass concentration in the sol, s is the Gaussian Gold Nanoshells with Tunable Sizes Figure 5 . TEM images of three different concentrations, 0.09, 0.13, and 0.41 mmol Au nanoshells before and after 10 min of irradiation with 800-nm light pulses of 350 or 700 mJ total energy. After irradiation with the higher-energy pulses, all of the nanoshells have sintered and annealed, resulting in 10-40-nm-diameter solid spheres; the larger nanoshells anneal into larger spherical particles. At 350 mJ, the smaller particles from the 0.09 mmol sol have converted to the smaller-diameter solid spheres. However, the larger particles from the 0.13 and 0.41 mmol sols first break apart upon absorbing the lower photon energy, leading to a disperse collection of asymmetric, incomplete shells, oblate spheroids, rods, and branched structures. The optical holes seen in Figure 4c and d may be the result of these particle shapes that exhibit SPR shifted to longer wavelengths.
beam area (0.042 cm 2 ), l is the laser path length through the cuvette (1 cm), I 0 (1-j) 2 is the incident laser intensity adjusted for reflectance losses from the cuvette/air interfaces (%0.9 for all of the cuvettes used), and e A is the relative absorption efficiency of the gold nanoshells (a measure of how much of the nontransmitted light is absorbed rather than scattered). The energy absorbed per nanoshell per pulse is Q abs ¼ r g VQ, in which r g is the density of gold (19.32 g cm
À3
) and V is the volume of gold in the nanoshell (in cm 3 ). Figure 7 shows Mie calculations for the extinction, scattering, and adsorption efficiencies for 30-and 50-nm-diameter cores with 7-nm-thick shells. The ratio of the absorption efficiency to the extinction efficiency gives an estimate of the relative absorption efficiency, e A A %0.95 for 30-nm-diameter nanoshells with a 7-nm wall thickness and e A decreases to %0.8 for 50-nm-diameter nanoshells with a 7-nm wall thickness. As the particle sizes increases, scattering increases and the relative absorption efficiency decreases, although this is partially compensated by the stronger overlap of the larger nanoshells with the irradiation laser wavelength of 800 nm.
From the spectroscopy and TEM images, it is apparent that the shape and sizes of the nanoshells are significantly altered by irradiation, implying a large rise in nanoshell temperature. From the estimate of the energy absorbed per particle from Equation (2), the temperature reached by the gold nanoshells during a light pulse can be calculated if heat transfer to the surrounding solution is slow in comparison to the plasmonic heating. [43, 44] To determine the temperatures reached by the nanoshells, it is necessary to consider if the irradiation energy per gram, Q, is sufficient to heat the nanoshell to the melting temperature of gold, T m (1064 8C is the bulk melting point of gold). For nanometer-dimension particles, the melting temperature of spherical gold particles decreases with decreasing size [62] but the effect is minimal for particles greater than 20 nm in diameter. If Q C pg ðT m À T i Þ (C pg is the heat capacity of gold (0.129 J g À1 K
À1
), taken to be full papers constant for liquid or solid phases, and T i is the initial temperature of the nanoshell, %135 J g À1 is required to reach the melting point of gold from 20 8C), then
If the nanoshell reaches the gold melting temperature (which may be slightly suppressed due to the nanometer-scale dimensions of the particles [62] ), the enthalpy associated with melting the gold, DH Melt (64 J g À1 ) must be supplied before further increase in temperature occurs: that is, T ¼ T m for
Finally, if the temperature of vaporization of gold is reached (2856 8C, Q>430 J g À1 ), then the enthalpy associated with gold vaporization, DH Vap (1870 J g À1 ), must be supplied before any further increase in temperature occurs.
From Equation (2), the energy associated with light adsorption can be estimated and set equal to the appropriate version of Equation (3), depending on the magnitude of the adsorption energy, to determine the maximum nanoshell temperature, T. This calculation is summarized in Table 1 for 50-nm-diameter nanoshells with a 7-nm wall thickness and in Figure 8 for several types.
The TEM images ( Figure 5 ) and UV/Vis spectra ( Figure 4 ) provide clear evidence that the gold nanoshells melt and anneal in response to NIR pulsed-laser irradiation in agreement with the calculations in Table 1 and Figure 8 . The nanoshells are not small enough to exhibit appreciable melting-point depression, as predicted via the Kelvin equation, [54] hence the nanoshells must be adsorbing sufficient energy to reach the bulk melting point of gold (1064 8C). From Table 1 and Figure 8 , the largest gold nanoshells are estimated to reach temperatures of %1700-1800 8C, while the smaller nanoshells may reach the vaporization point of gold. The diameter of the nanoshell determines the absorption and scattering at 800 nm for a given shell thickness ( Figure 7) . However, the mass of gold in the nanoshell increases with the square of the nanoshell diameter, which means that the energy needed to heat the nanoshell also increases with the square of the nanoshell radius. Hence, the optimal nanoshell size for maximum temperature rise is not the same as for maximum total energy absorption or duration of energy absorption ( Figure 6 ). Figure 8 shows the surprising result that the largest particles with the best overlap with the NIR laser actually have the smallest temperature rise, even though they adsorb the greatest fraction of the incident light energy. The results in Figure 8 for the maximum nanoshell temperature assume that dissipation of heat to the surrounding solution is slow compared to the time for plasmonic heating and that all the absorbed energy goes into increasing the nanoshell temperature. [16, 23, 43, 44, 47] Figure 9 shows the measured temperature rise of 3 mL of suspension irradiated for 15 min with 680 mJ pulse À1 800-nm NIR light at 1 kHz (0.68 W net power). The initial heating rate is much larger than the rate after 15 min of irradiation, consistent with the increase in light transmission, seen in Figure 6 , as the nanoshells melt and change shape, and the SPR resonance is blue shifted to the 500-600-nm resonance of solid spherical nanoparticles ( Figure 5) . Most of the temperature rise occurs over the first minute or two, then the sample temperature reaches a steady state, showing that Gold Nanoshells with Tunable Sizes Figure 7 . Mie calculations of the relationship between scattering (blue curves), absorption (red curves), and total extinction (black curves) as a function of particle size. The larger particles scatter a larger fraction of the light and hence are less efficient absorbers, although the wavelength of the peak absorption overlaps more strongly with the excitation wavelength (800 nm) of the incident NIR radiation. The relative adsorption efficiency (e A in Equation (2)) is the ratio of the absorption to the total extinction and is %0.95 for the 30-nm nanoshells and %0.8 for the 50-nm nanoshells. ). The change in morphology after irradiation causes a drastic drop in the absorbance of the 800-nm wavelength light from a Ti:sapphire laser (pulse duration ¼ 90 fs, repetition rate¼1 kHz). the decreased energy input from adsorption is offset by losses from the suspension vial to the lab environment. If all 0.68 W of light energy was absorbed by the solution, the maximum heating rate of 3 mL of water would be %3.2 8C min À1 ; the initial heating rate of the largest nanoshells (0.41 mmol Au) is % 2.5 8C min À1 and decreases for the smaller nanoshells. The initial temperature increase of the solution, which is indicative of the total energy absorption of the nanoshells, increases with increasing nanoshell size (and overlap of the SPR peak with the excitation light). This order is reversed from the maximum temperature rise of the individual nanoshells ( Figure 8) ; the largest nanoshells are the most efficient energy absorbers but have the smallest maximum temperature rise for the individual nanoshell ( Figure 8) . Figure 6d shows that light absorption decreases significantly during the 10 min of irradiation, eventually leading to a steady-state temperature at which losses from the sample vials equal the net rate of energy absorption. [43] The steady-state increase in temperature of the solution is proportional to the absorbance of the nanoparticles after the morphological and SPR changes induced by the irradiation seen in Figure 6d . The steady-state temperature increases of the larger particles (3.2, 2.0, and 1.08C) are directly proportional to the gold concentration in the suspension (0.41 mmol, 0.24 mmol, and 0.125 mmol). Although the individual nanoparticles are heated to melting point after the morphological changes (see Figure 8) , the steady-state solution-temperature increase is only a few degrees above ambient. As soon as the irradiation ends, the suspension quickly goes back to room temperature.
Duration of laser irradiation
Heating the solution a second time (Figure 9b (Figure 7) , the proportionately greater increase in mass of the larger nanoshells leads to a smaller increase in the maximum temperature. Figure 9 . a) Experimental calorimetric data showing the degree of heating due to different 3 mL total volume gold nanoshell suspensions after being irradiated for 15 min with 680 mJ pulse À1 energy at 1 kHz (0.68 W net power). These decreasing concentration of gold correspond to A) %20-nm, B) %30-nm, C) %40-nm, and D) %50-nm nanoshells. The largest particles adsorb the largest total energy, as shown by the net increase in water temperature. The steady state increase in temperature for the nanoshells scales roughly with the gold mass ratio for the larger nanoparticles, the 0.24 mmol nanoshell suspension temperature increase is roughly twice that (2 8C versus 1 8C) of the 0.125 mmol nanoshell suspension. b) Calorimetry of on-resonance and offresonance heating via laser absorption for the nanoshell suspension that had an initial SPR of %50 nm (open circles), and after melting was subsequently cooled and then irradiated again (closed circles). The initial rise in temperature is much faster for the first irradiation but levels off to roughly the same steady-state temperature as the second irradiation. This is because the nanoshells are being transformed during the first irradiation to smaller, solid gold nanoparticles ( Figures 5 and 6 ) that adsorb less light energy. By the time steady state is reached, most of the nanoshells have been converted to nanoparticles with a SPR from 500-600 nm (Figure 4 and 5) . These smaller nanoparticles also absorb laser energy, just with much less efficiency. suspension (0.25 mmol Au) is more than double that of the first heating cycle. However, the steady-state temperature increase was about 2 8C for both cycles. This is consistent with the TEM images in Figure 5 that show that the nanoshells have been degraded during the first irradiation and that the steady-state temperature increase is due to off-resonance heating of the melted and annealed nanoshells (Figure 4 ). The differences in steady-state temperature in Figure 9a primarily result from the differences in gold concentration in the solution, rather than the initial size of the gold nanoshells. By the time the suspension has reached a steady temperature, all of the nanoshells have melted and annealed into stable, spherical solid nanoparticles with a SPR peak at 500-600 nm; only the total concentration of the melted nanoshells is different between the samples. Manipulating the particle morphologies to tune the SPR absorbance to the irradiation wavelength does not affect the steady-state temperature of the suspensions when pulsed-laser radiation is used. Similar on-and offresonance heating of gold nanorods was also reported by Link et al. [2, 63] 
Conclusions
The emphasis of the synthesis presented here is on the facile and scalable nature of a new reaction pathway to gold nanoshells that 1) eliminates separation and centrifugation steps, 2) has minimal heating or special environmental concerns, and 3) has no toxic reactants, additives, or solvents. The fact that gold nanoshells with controlled size can be made rapidly and reproducibly via simple colloidal chemistry methods simplifies their use in applications ranging from biomedical imaging to Raman spectroscopy to catalysis. In particular, how these gold nanoshells respond to NIR laser irradiation is of crucial importance to understanding how to use them most efficiently.
The unexpected result of this study is that even nanoshells that have a SPR peak significantly removed from the 800-nm wavelength of the irradiating pulsed-laser light can be heated to sufficiently high temperatures that they are quickly melted and annealed into more stable solid spherical nanoparticles. The energy absorbed by the nanoshells depends on the overlap between the SPR peak and the wavelength of the irradiation source, and hence on the diameter-to-shell-thickness ratio. However, the maximum temperature of the nanoshells is limited by the mass of the nanoshells, which increases as the square of the diameter. Optimizing the nanoshell structure for maximum absorption of femtosecond NIR pulses does not necessarily provide the highest temperatures for the individual nanoshells during irradiation. For continuous-wave laser irradiation, the nanoshell temperature does not increase significantly over the temperature of the solution as the energy input to the particle is dissipated quickly into the surrounding media. [43, 56] The instantaneous continuous-wave power input is of the order of 10 10 lower than for femtosecond pulses, even though the average power input to the system is the same. Hence, maximum energy absorption is the only relevant feature for continuous-wave heating, which has led to much of the effort to tailor nanoparticle structure to maximize absorption at the irradiation wavelength. However, it is not yet known if maximizing the nanoshell temperature or the energy absorption is more important for biomedical applications such as photothermal destruction of cancer or bacterial cells [3, 6, 7, 16, 23, 47, 55] with pulsed radiation. As all of the nanoshells anneal to form solid, spherical nanoparticles of 10-40-nm-diameter with a common SPR peak from 500-600 nm, the steady-state temperature rise is governed only by the total gold concentration in the suspension, rather than the initial size and shape of the nanoshells.
Experimental Section
Nanoshell synthesis and characterization: Gold nanoshells were prepared by reducing gold tetrachloroauric acid (HAuCl 4 ) onto silver nanoparticle templates in a process adapted from Hao et al. [27] Silver nanoparticles were prepared at 60 -C in a well-stirred solution of 0.2 mmol silver nitrate (50 mL, AgNO 3 , Sigma-Aldrich) in the presence of sodium citrate (0.5mmol) following an injection of 100 mmol sodium borohydride solution (1 mL, NaBH 4 , Sigma-Aldrich), which produces a characteristic yellow color. The silver sols were allowed to stir at 60 -C for a minimum of two hours. After cooling to room temperature, larger silver nanoparticles were grown from these stock sols, if desired. Silver particle growth was initiated by adding a 200 mmol hydroxylamine hydrochloride solution (1mL, NH 2 OH HCl, Sigma-Aldrich) to the silver sol, followed by stirring for five minutes, [51] [52] [53] [54] followed by addition of 0.1 M AgNO 3 (0-1 mL). The growing silver nanoparticles turned the sol a darker yellow or orange depending on the amount of additional AgNO 3 . After stirring for a minimum of two hours (and often aging overnight), gold nanoshells were made via galvanic replacement chemistry from the template silver sols. First, a given silver sol (50 mL) was heated to 60 -C and the necessary amount (100-500 mL) of 25 mmol tetrachloroauric acid (HAuCl 4 , Sigma-Aldrich) were added dropwise (depending on the initial silver template size). The reactions were monitored using UV-NIR spectroscopy and stopped when the silver peak located near 400 nm vanished, which occurred when the gold-to-silver ratio in the reaction vessel approached the stoichiometric ratio of 1:3 (to err on the side of completion, the ratio was usually .37:1). Once the reaction was complete, the samples were cooled, silver chloride was allowed to precipitate, and the supernatant containing the gold nanoshells was transferred to another vessel and stored at 4 -C until further use. Nanoparticle concentrations were %10 10 -10 11 mL S1 , based on the average dimensions measured using TEM and the known amounts of materials used during the reaction. For TEM, approximately 2 mL samples of nanoshell suspensions were spread onto formvar-coated TEM grids (Ted Pella, Redding, California) and dried in vacuum. Digital TEM micrographs were obtained using an FEI Technai Sphera TEM (FEI, Netherlands) equipped with a CCD camera (Gatan, Pleasanton, Ca) operating in transmission mode at 200 keV. XPS, using a Kratos Axis Ultra instrument, was used to map the relative composition of nanoshells after galvanic replacement chemistry.
Laser irradiation: The particle suspensions were irradiated with a Ti:sapphire laser (Spectraphysics Spitfire) that generates 90 fs pulses at a 1 kHz repetition rate with energies up to 800 mJ pulse S1 . The energy incident on the samples was varied using neutral density filters. The Gaussian width of the beam was 2.3 mm (area of 0.042 cm 2 ). Typically, 3 mL of the sample was irradiated in a quartz cell with a 1-cm path length. Samples were irradiated for 10-15 min and the transmitted intensity was measured with a power meter. This irradiation time was sufficient for the measured transmitted intensity to reach a steady value. A Teflon stir disk was placed at the bottom of the cell to ensure good mixing. The cell was placed atop a magnetic stir plate (housed within a ceramic holder with four openings on its sides to insulate the cell and hold it steady). To insulate the cell during irradiation, the base of the holder rested on 0.3-cm-thick foam (to minimize heating due to the stirrer motor); to prevent evaporation, the cell was capped. Calorimetry: The temperature of the particle suspensions in the irradiation cell was measured using a 0.0625-inch-thick stainless steel K-type thermocouple probe (Omega Engineering, Inc., Stamford, CN) inserted through the plastic cap into the top few millimeters of fluid (well away from the laser path). The thermocouple was linked to an Omegaette HH306 digital thermometer (Omega) that was interfaced to a computer using Thermolog data acquisition software (Omega). The extinction (absorbance) spectra of the samples before and after irradiation were measured with the UV/Vis spectrophotometer. After irradiation, each sample was imaged with TEM, as described above.
